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ABSTRACT

Ambient noise measurements made northeast of Svalbard from two omni-directional
hydrophones, deployed at 60 and 90 m beneath the ice, were acquired as the research
vessel Polarbjoern drifted southward from 11 October to 18 November 1988. The ambient
noise data as well as the accompanying meteorological and ice motion data were collected
as part of the Coordinated Eastern Arctic Experiment, CEAREX. The ambient noise
measurements were composed of one and a half minute samples that were averaged
hourly to provide a 38-day time series at 10, 31.5, and 100 Hz. Higher frequencies were
considered valid only above the median level due to high system electronic noise.
Measurements were obtained in deep and shallow water (<100 m) as the ship drifted
generally southwestward with the ice pack towards the Svalbard Archipelago. The
ambient noise time series were correlated with hourly-averaged wind, air temperature, and
ice motion data in order to determine its association with the major noise generating
mechanisms. Both visual and numerical comparisons between the ambient noise and the
environmental parameters revealed significant correlations. The two primary forces
operating on the ice pack were the wind stress and 12-hour tidal/inertial oscillations.
When either of these forces opposed the mean direction of ice motion, there was increased
convergence and higher levels of ambient noise were experienced. The mean ambient
noise levels northeast of Svalbard were 20-30 dB higher than typical central Arctic basin
values due to the active ridging encountered immediately north of the Svalbard
Archipelago. These noise levels compare favorably with other active ridging regions or

dynamically active regions such as the marginal ice zone.
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I. INTRODUCTION

A. PURPOSE
Llthough rumerous Arctic ambient noise studies have bLeer

-
e

conducted, many of them were simple descriptions ¢f

ot

O

observed arhient ncise level. Where additicnal analysis needs
to be concentrated 1is in the determinaticen c¢f the a&actue:l
forcing functions involved in ambient noise generaticn. ToLe
underlying physics involved in the generation of ambient ncise
in ice covered regions must be understood before effective

noise prediction algorithms and models can be developed.

B. OBJECTIVES

One of the primary objectives of this study was to analyze
tre ¢nmlLlanl ntise reccrd in The region northeast of Svalbard.
Trnzs in itself 1s a significant accomplishment given the
paucity of shallcow water ambient nolse experiments that have
been conducted in the Arctic and the absence of detailea
studies in this region in the past. The bulk of the previous
ambient noise experiments have been conducted in the d:ep
waters of the central Arctic.

Another objective of this study was to determine the
relative association of several expected forcing functions to
the observed under-ice ambient noise. Wind speed and
direction, air temperature, and ice motion (both speed and

direction) were analyzed for their effect on ambient noise.




C. BACKGROUND

In order to lay the foundation for subsequent ambientc
noise discussions, a brief review of previous Arctic ambient
noise studies will be conducted.

Arctic ambient noise is a composite of many different
noise sources. Dyer (1983) divided the ambient noise spectrum
into a number of spectral sectors and identified the maijor
sources of amblent noise within each sector. The major ncise
sources he identified were flow noise, cable strum, ice
action, and thermal cracking.

In the freguency range from 0.1 to 0.5 Hz, the gquasi-
static velocity fluctuations in the flow past the hydrophone
(flow noise) was responsible for the majority of the ambient
noise. In the spectral sector from 0.5 to 10 Hz, currents and
eddies have the potential of inducing oscillations in the
hydrophone cables. These oscillations are known as cable
strum and, if present, can effectively mask the noise levels
in this frequency spectrum. Thus, these lower frequencies are
very susceptible to masking by instrument related noise. When
the frequency spectrum is not contaminated by cable strum, it
generally displays a broad spectral peak that lies between 10
and 20 Hz. Dyer attributes this noise (which dominates the 1-
100 Hz range) to "ice action" which is composed of a number of
different processes that occur when ice is placed under stress

and fails. The final noise generating mechanism described by




Dyer is that of atmospheric cooling which results in ircreased

mbient ncise due to th

ol

rmal cracking.

H

®

Thermal cracking was first described in detail by Milne
(1872). During coocling trends, heat loss at the surface of
the ice results in greater cocoling than that found in the
interior c¢f the ice. The surface of the ice contracts more
than the interior resulting in increased tensile stress. This
stress 1is released through surface-tension cracks that are
exhibited in the ambient noise spectrum as brecad maxima in the
60-1000 Hz range. In a more recent study, Makris and Dyer
(198¢) showed that while the atmospheric cooling is a high
correlate of mid-freguency noise, it 1s considerably less
important at low frequencies.

As described above, Dyer attributed the peak ambient ncise
to ice action that resulted from increased stress. One of the
primary sources of stress on the Arctic ice pack is the wind.
Thorndike and Colony (1982) and Serreze (1989) revealed that
approximately 70 percent of the variance in daily ice motion
is accounted for by the geostrophic wind and that a similar
relationship is demonstrated with the surface wind. Large-
scale correlations of the atmospheric pressure field (Green
and Buck, 1978) generally show a higher correlation with
ambient noise than local wind measurements because a large
portion of the wind generated noise is derived from distant

sources.




Lewis and Denner (1987a) found that during the summer the
highest correlation with low frequency ambient noise was with
ice speed. During the fall and winter ice interactions such
as ridging and rafting become the dominant sources of ambient
noise. In his analysis c¢f ambient noise measurements that
were collected in the Beaufort Sea during AIDJEX, Pritchard
(1984) also discovered that ridging was the single largest
source of ambient noise in the winter. Average noise levels
between 8(0-97 dB have been measured in regions o©of active
ridging in the central Arctic (Buck and Wilson, 1986).

In measurements of the spatial and temporal coherency of
ambient noise in the Beaufort Sea, Lewis and Denner (1987a)
revealed e-folding length scales ¢f several hundred kilometers
and time scales of 10-30 hours. Given the strong relationshiyp
between wind speed and ambient noise discussed earlier, it is
not surprising that the spatial coherence for ambient noise
colincides with the scale size of synoptic weather systems.

The lack of previous ambient noise measurements in the
region northeast of Svalbard, and in ice-covered shallow water
in general, provided little information with which this study
could be directly compared. Two studies were found which were
relevant. Mean ambient noise levels of 83 dB at 20 Hz and
69.3 dB at 100 Hz were obtained from unclassified portions of
the AEAS Arctic ambient noise data base (Bradley and Hartley,
1986) for winter conditions in the region northeast of

Svalbard. The data base also contained standard deviations of




5.2 and 2.5 dB for the frequericies of 20 Hz and 160 Ez,
respectively. In a separate study, Pcifenburger and Bourxe
(1987) analyzed ambient noise data from drifting buoys in thre
Eurasian Basin. One buoy, which passed several hundred
kilometers to the north c¢f Svalbard, prcvided measurements
with which the deep water pcrrtion ¢f this study coula ke
ccmpared. Median arbient ncise levels c¢cf 71 dB and 63 dB were
collected at 10 and 100 Hz, respectively, and a tempora:l

coherence ci about 1.5 days was observed.

D. CEAREX

All of the meteorclogical, accustical, and ice moticn data
utilized in this study were ccllectec on bkoard the research
vessel Polarbjoern during the fall of 1988, as part cf the
Coordinated Eastern Arctic Experiment, CEAREX. The
Polarbjoern was accompanied by the icebreaker USCG Northwind
and first entered the polar ice pack during the early days of
September 19288. The Polarbjoern was allowed to freeze intc
the ice on 16 September at 82°41'N 32°26’E (Pritchard, 1959).

The Polarbjoern drifted to the southeast towards the
islands of Franz Joseph Land and Ostrov Viktoriya (Figure X)
for the first 30 days before shifting to a southwesterly drift
on 16 October (Julian day 290). This southwesterly drift
carried the ship between the islands of Kvitoya and
Nordaustlandet during the last week of November. All CEAREX

related drift operations were completed by mid-January 1989,




Figure 1.1
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Drift track of the Research Vessel Polarbjoern from
Julian Day 260 to 330 (16 September-25 November 1988)

(from Pritchard, 1989).




E. ORGANIZATION

The remainder of this thesis 1is organized in a manner
similar to the way in which this study was conducted; data
collection, analysis, correlation, and then conclusions.
Chapter II examines the various means by which the ambient
nocise and environmental data were collected and initially
processed. In Chapter III the analysis of the uifferent
parameters is conducted. This includes time series analysics,

autocorrelations, and simple statistical computaticns. T

[a¥}

actual comparison and cross-correlation of the 38-day ambient
noise and environmental data se%s are conducted in Chapter IV.
A more detailed analysis of the relationship between the
ambient noise, wind, 1ice motion, and air temperature are
described in Chapter V. This chapter divides the record intc
specific events in order to obtain a more detailed lock at the
various influences on ambient noise. Chapter VI summarizes
the results and conclusions of this thesis and makes

recommendations for future research.




ITI. DATA COLLECTION

Ambient noise, ice motion, and meteorological data were
obtained from & regicn in the Barents Sea, northwest cof
Svalbard. The data sets used in this analysis were compiled
over a six week period as the Polarbjoern, and the flow 1in
which she was frozen, drifted southwards from 11 Cctocber to 15
November 1988. Figure 1.1 shows the trajectory of the shigp
drift. As the Polarbjoern approached the island of Kvitcya,
extreme ridging and fracturing of the ice pack forced the
removal of the tethered hydrophones frcm the ice due to the
repeated disconnection cof the instrumentation cables.

Six discrete frequencies 10, 31.5, 100, 315, 630, and 10090
Hz, were 1initially chosen for analysis. Subsequent
investigation revealed that the higher frequencies were
significantly masked by system "self noise" during relatively
quiet periods. Therefore, the majority of this study will be
focused on the three lowest frequencies: 10, 31.5, and 100
Hz. Additional emphasis will be placed on the extremely high
ambient noise levels and ridging conditions encountered during
the last week of the drift period before the floe began to

break-up.




A. AMBIENT NOISE MEASUREMENTS

As summarized by Pritchard (1589), ambient ncise data werc
obtained via two calibrated omni-directional hydrophones thax
were tethered beneath the ice at depths of 60 and 90 m. 7Tr<
hydrophones were deployed approximately 1 km frcecm the
Polarbjoerr. The hydrophone output was amplified and then
transferred through a shielded instrumentaticn cable, thrcuch
a low-pass Butterworth filter with an ad’ustable ccrner
freguency, and then through an A/L interface becard in & Cormpau
386/2C computer.

A LOFAR computer program (Prada, 19286) provided a real
time, interactive <capability to acquire and display the
ambient noise time series and their spectra. The system was
initially designed tc¢ process frequencies below 500 Hz, but
when unexpectedly high ncise levels were discovered at €30 and
1000 Hz, a decision was made tco attempt tc record these
frequencies. Since the anti-aliasing filter was set at
approximately half of the frequency maximum, the initial
processing frequency maximum was increased from 512 Hz to as
high as 8192 Hz. This increase allowed the collection of non-
aliased noise data up to about 4 kHz (Pritchard, personal
communication, 1991).

The system’s electronic or "self noise" was estimated by
disconnecting the hydrophone and measuring the resulting
signal. The "system" then consisted of the shielded

instrumentation cable, the anti-aliasing filter, the A/D




converter, and the computer. The system’s self noise was
determined on 6 November while the maximum frequency was set
at 2048 Hz and the anti-aliasing filter was set at 1400 Hz
(Pritchard, 1989). The spectrum of the "system self noise” is
shown in Figure 2.1. Note that the spectrum is relatively
constant 72 dB (re uPa?/Hz) across the frequency spectrum.
The high level of the system self noise is believed to be the
result of dynamic range limitations (36 dB) in the 12-bit A/D

converter. The 36 dB dynamic range was sufficient for the low
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Figure 2.1 An electronic system "self noise" 1level of about
72 dB (re pPa?/Hz) was measured when the hydrophone
was disconnected from the rest of the ambient noise
acquisition system (from Pritchard, 1989).

10




frequency ncise spectrur (< 50C Hz) initially planned for but
was not broad enough tTo contain the low noilse levels
associated with the hicher frequencies. For reascons that have
vet to be determined, this relatively high level of system

self noise occasionally decreased for periods from several

[b3]

hours to several days at a time, dropping by as much as 10 d

7

thus allowing the collection ¢f low amplitude signals.

B. AMBIENT NOISE PROCESSING

The ambient noise data were further processea via a fzszt
fourier transform (FFT) and then averaged in order to obtair
the most representative results possible. As descriked by
Pritchard (personal communication, 19%%1), & fast fcurier
transform was performed on blocks of 1024 data pcints as they
were received from the hydrophone. Once 128 FFTs were summed
and then averaged, this provided one processed data point
approximately every 1.5 minutes. Using a maximum processing
frequency of 512 Hz, approximately 50 percent of the data
collection period was used to sample ambient noise while the
other 50 percent was spent processing the data.

Ambient noise time series were plotted with raw and
averaged data in order to examine the effect of the different
scales of forcing. The effects of averaging the ambient noise
record at various intervals from 15 minutes to 24 hours may be
observed in Figure 2.2. Averaging intervals of 15 minutes,

one hour, and three hours provide a reasonably good
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Figure 2.2 31.5 Hz ambient noise time series plotted with data
averaged over intervals from 15 minutes to 24 hours.
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representation of the high frequency fluctuaticns. Wnen the

er than the

ct

data were averaged over intervals Ggrea
tidal/inertial Nyquist frequency (6 hours), these oscillazions
were quickly smoothed from the record.

All ambient noise and envircnmental data uvtilized in thics
study were ultimately averaged over one hour 1ntervals. 7This
averaging was performed in order to remcve unwanted high
frequency fluctuations, facilitate data processing, ana To
provide a data base with uniform time intervais.

One of the major objectives of this study was to determirie
what the major forcing functions for ambient noise were in the
region northeast of Svalbard. In accomplishing this, it was
deemed essential that variations in the ambient noise recordc
greater than 4-6 hours be resolvable. This time scale was
established in order to include the highly influentiul
tidal/inertial oscillations often encountered in this region.
Thus by averaging the data over a one hour interval, all high
frequency fluctuations that were not germane to this study
were removed while still meeting the 4 hour resolution
criteria.

The sheer number of observations taken also required some
sort of averaging in order to reduce the amount of time
required to complete even relatively simple numerical
operations. Averaging was also conducted in order to improve

data presentation. The large number of observations could not

13




be handled by some plotting programs and presented a clutterec
appearance on cthers.

The final reason for averaging was to provide a complete
data set with uniform time intervals. With the same one hour
time interval present in all meteorological, ice motion, anc
ambient noise data sets, comparisons and correlations could be

more easily accomplished.

C. METEOROLOGICAL MEASUREMENTS

Meteorological data used in this experiment were obtained
using a Coastal Climate WeatherPak Meteorological Station.
Details concerning instrumentation and data accuracy can be
obtained from the CEAREX/POLARBJOERN METEOROLOGY ATLZS
(Lackman et al.,1989). The instruments were positicneu
forward of the Polarbjoern’s bow mast at a height of 14 =
above sea level. The air temperature data are ccnsidered
accurate to within 1.0°C; wind speed and direction are
accurate to within 0.3 m/s and 10 degrees. Due to the
location of the wind gauges, errors may be slightly larger
when winds were from directly astern. This was a rare
occurrence due to the ship’s heading and the predominantly
northerly winds experienced during the experiment. Only
relatively small corrections were required to compensate for
the ship’s motion. Meteorological observations were based on
ten minute vector averages collected every ten minutes. These

ten minute values were then averaged to obtain the hourly data
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used in this analycis (Davidson  ana Guecst, Lsretla.

o
(e
b3

ccrmunicaticen, 1

D. ICE MOTION MEASUREMENTS

Ice motion data fcr this study was based on position and
velocity arnalysis ccncuctea by McPhee (1%¢c5) The

rnavigationrna. informaticn from which McPhee derived Ghic

analysis cane princiceally from ATNAV  and ARGCS buoy
positions. Figure 1.1, the drift track of the Folarkjcerr

from Julian day 260-330, was comruvted from daily interpclatod
P 4 s

csitional infcrmatic: that smocthed all high frequency
pry ot 2
oscillations. All cuher .. sperd and ice direction data were

derived from hcourly interpolated measurements.
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III. DATA ANALYSIS

A. AMBIENT NOISE SPECIRUM
1. Time Series Analysis

The hourly-averaged ambient noise time series for 10,
31.5, and 100 Hz are presented in Figure 3.1. There are twc
obvious time scales on which the noise levels vary. The high
frequency fluctuations vary rapidly with several 20-40 cE
peak-to-peak oscillations common within a 24 hour pericd.
These high frequency variations are then superimposed on a
more slowly varying background signal that changes on a 2-10
day time scale. Both the high and low frequency variations
are evident at all three frequencies but tend to be of lesser
magnitude at higher frequencies and during relatively quiet
periods.

The hourly-averaged time series for 315 Hz, 630 Hz, and
1000 Hz are presented in Figure 3.2. As discussed earlier, a
system electronic noise was relatively steady at 72 dB across
all sampled frequencies thus making it more significant at
these higher frequencies where the noise amplitudes are
smaller. During relatively quiet periods, such as Julian days
302-305 and 311-312, the system electronic noise served as a

"floor" below which the true ambient noise level could not be

determined. The overall result was the contamination of the
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Figure 3.1 Hourly-averaged time series for 10, 31.5, and 100 Hz.
High frequency oscillations (30-40 dB) are
superimposed on a slowly varying backgound signal.
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high frequency record ur tc¢ at least the fiftieth percentile
values.

Instead of discarcing the entire high frequency record,
the high amplitude portions of the record which were not
contaminated were used to generate a composite high fregquency
spectrum. This composite frequency spectrum was constructed
by analyzing the apparently uncontaminated secticns of the

ambient noise record (i.e., 10~100J Hz), by examining the

™

"

lcor"™, and by making

Fh

distribution of data pcints above the "
comparisons with other dynamic high ambient noise
environments. The aliased and composite values for the median
ambient noise frequency spectrum are plotted in Figure 3.3.
The largest adjustment was at 1000 Hz where the median value
was depressed by 4 dB. The process by which this composite
spectrum was generated will be discussed more fully below.
During the last week of data collection, days 317-323, the
high ambient noise associated with local ridging elevated
spectrum levels above the system self noise. During this 7-
day period, the slopes of the median and ninety-fifth
percentile were similar to that of the ninety-fifth percentile
determined from the complete record, days 285-323. Thus,
these slopes (7-day median and the 38-day ninety-fifth
percentile) were used to construct a composite spectrum for
the higher frequencies: 315, 630, and 1000 Hz. The 38-day

ninety-fifth percentile, the 7-day median, and the composite
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Figure 3.3 Measured and composite ambient noise spectra for
frequencies from 10 to 1000 Hz.
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median spectrum can be compared with measurements from other
high amkbient noise environments in Figure 3.4. The composite
frequency spectrum compares guite favorably with previous
ambient noise studies conducted by Bradley (1986) and Urick
(1975). Thus the composite slope obtained from unaliased
portions o©f the record will be used in subsequent high

frequency discussions in this paper.

TABLE 1. STATISTICS FCR 10, 31.5, AND 100 HZ

VARIAELE 10 Hz 31.5 Hz 100 Hz
SAMPLE SIZE e01 913 913
MEDIAN 97.7 84.0 76.8
MEAN 6.3 85.1 77.8
STANDARD DEVIATION 10.9 7.1 5.7
MAXIMUM 124.1 125.8 114.6
MINIMUM 64.3 64.4 63.9

Table 1 contains statistical information concerning the
amplitude of the noise level for the three uncontaminated
frequencies for Julian days 285-323. One notes that both the
mean and standard deviations decrease with increasing

frequency (Figure 3.5). The mean spectrum decreases from 96.3
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Figure 3.4 Spectral slopes from 38-day composite, 38-day 95"
percentile, 7-day shallow water, and slopes derived
from two previous ambient noise studies by Bradley
(1986) and Urick (1975) compare quite favorably.
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Figure 3.5 The mean and standard deviations for frequencies from
10 to 100 Hz decrease with increasing frequency.
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dB at 10 Hz to 77.8 dB at 100 Hz with a relatively steep slope
of 6.2 dB per octave.

The standard deviation provides a useful measure of the
variability of the noise level for a given frequency. Figure
3.5 (bottom) presents the standard deviation for the frequency
range 10-100 Hz. The majority of the ambient noise record,
the portion within one standard deviaticn cf the mean, lies
within a 22 dB window at 10.0 Hz and decreases to only 11.4 d&
at 100 Hz. The large difference in the standard deviatiorn
between 10 and 100 Hz may indicate that different ncise
generation mechanisms are predominant at each of these
frequencies. Bannister et al. (1979) reported that different
levels of standard deviation were indicative of different
ambient noise regimes.

When the 38-day Barents Sea ambient noise spectrum 1is
compared to other deep water spectra from ice covered regions,
it becomes readily apparent that the Barents Sea spectra are
significantly noisier. Figure 3.6 shows the comparison
between the ambient noise spectra from the central Arctic, the
Beaufort Sea, and Barents Sea. The central Arctic spectrum
was derived from ice camp data collected in April, 1982
(Makris and Dyer, 1986). The Beaufort Sea spectrum was
created from drifting buoy measurements in 1975-1976 during
the Arctic Ice Dynamics Joint Experiment, AIDJEX (Lewis and
Denner, 1987a) and the last spectrum (Urick, 1975) was derived

from a composite of many under ice ambient noise measurements.
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Figure 3.6 Pritchard’s Barents Sea spectrum is significantly
noisier than deep water spectra acquired from other
ice-covered regions by Lewis and Denner (1987),
Makris and Dyer (1986), and Urick (1975).
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While the large amplitude of the Barents Sea ambient noise
spectrum may initially appear disturbing when compared with
these central Arctic measurements, further investigation
reveals similarities with spectra obtained from other
dynamically active Arctic regions (Figure 3.7). These active
regions include spectra obtained during active ridging events
from Buck and Wilson (1986) and Buck and Green (13979) as well
as studies conducted in the marginal ice zone (Johannessen,
1888; Diachok and Winokur, 1974). When compared with these
similarly noisy locations or events, the Barents Sea spectrum
falls within the middle of the spectra illustrating that
intense noise generating mechanisms are present in this area.

The Barents Sea noise data were obtained from a region
where the ice was undergoing extreme convergence due to its
close proximity to land. The winds during this period were
predominantly from the north, driving the ice southwards from
the deep waters of the central Arctic into the relatively
shallow waters of the Barents Shelf, wherein local ridging
occurred when the southerly moving ice encountered the
unyielding islands of Kvitoya, Viktoriya, and Nordaustlandet.
Figure 1.1 depicts the southward drift of the Polarbjoern
towards these islands from Julian day 260 to 330. During the
Polarbjoern’s drift southwards, the ice pack, when viewed on
a macro-scale, was experiencing large scale divergence.

Remote sensing imagery from the NOAA-10 polar orbiter (Figure
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Figure 3.7 Pritchard’s Barents Sea spectrum compares favorably

to spectra obtained from other dynamically active
regions. Buck and Wilson (1986) and Buck and Green'’s
(1979) spectra were derived from regions of active
ridging. Johannessen’s (1988) and Diachok and
Winokur’s (1974) spectra were obtained from the MIZ.
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M "A-10 imagery of the region northeast of Svalbard.

L. :e scale divergence of Arctic ice pack is revealed
as an extensive network of polynyas and fractures

arching from Nordaustlandet to Franz Joseph Land.
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3.8) reveazls this divergence as an extensive netwecrk of
polynyas and fractures arching from Nordaustlandet to Franz
Joseph Land. This arch of fractures was fcrmed by the
convergence of the Arctic ice pack onto the islands which act
as the supporting pillars. The southward moving ice pack
diverges once it moves past the arch.

However, on a more local scale, extensive convergence was
taking place ir. the vicinity of the Svalbard Archipelaco.
During the last twc weeks oI data collection, when the ship
was within 100 km of the islands, ridging and shearing were
extremely active in the wvicinity c¢f the ship (Pritchardg,
personal conversation, 1991). This resulted in the repeated
separation ¢of the hydrophones from the instrumentation cables
and necessitated their eventual removal from the ice pack.

2. Hourly Autocorrelations

Autocorrelations were performed on the hourly-averaged
frequencies from 10 tco 100 Hz. Figure 3.9 shows the
autocorrelations for 10, 31.5, and 170 Hz. A strong 12 hour
periodicity is evident at these lower frequencies that may be
attributed to tidal/inertial oscillations. These oscillations
will be addressed more fully in the ice motion section. At 10
Hz, the 12 hour periodicity is clearly observed with a lag of
up to 60 hours. The dashed lines represent twice the large

lag errors for each coefficient and display a value of about
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Hz display a 12-hour periodicity.
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.2, The tempcral coherence c¢f the noise can be estimated
frcm the e-felding time (time for the signal to be reduced to
e of its peak value or about 0.37). At 10 Hz the e-folding
time is abcut 4 hours. The 31.5 Hz autccorrelation &also
demonstrates a significant 12 hcur periodicity and is similar
in shape to the 10 Hz autocorrelation but beyond a 24 hour lac
displays & considerably lower correlation ccefficient. The
100 Hz autocorrelation shows the least correlation. Beyond 12
hours the correlation becomes statistically insignificant.
The e-folding time is abecut 3  hours. Wherr the
autocorrelations for 10, 31.5, and 100 Hz are compared, it
appears that the temporal coherence of the noise field

decreases with increasing frequency.

B. METEOROLOGICAL ANALYSIS

1. Wind Data

Throughout the duration of this study, the wind remained
predominantly from the north. Figure 3.10 is a frequency
histogram of the true wind direction and Table 2 gives the
numerical and relative frequency of wind direction in 30
degree sectors. The wind was from 300 to 060 degrees for more
than three quarters of all observations and was within 30
degrees of true north for more than half of the period.

The wind speed varied from a high of 18 m/sec during high

wind periods to near zero during calm periods. The overall
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Figure 3.10 Frequency histogram of true wind direction reveal
that the wind was predominantly from the north.
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mean wind speed was 7.2 m/sec with a standard deviation of 3.
m/sec. Table 3 displays basic wind speed statistics and

histogram of wind speeds is displayed in Figure 3.11. Trus

TABLE 2. SUMMARY OF HOURLY AVERAGED WIND DIRECTION DATA

SORTED INTO 30 DEGREE SECTORS BY FREQUENCY AND PERCENT.

DEGREES FREQUENCY PERCENT
270-300 23 25.2
.
300-330 142 15.5
330-360 242 26.5
000-030 218 23.9
030-060 81 8.9
060-090 53 5.8
090-120 20 2.2
120-150 33 3.6
150-180 57 6.2
180-210 9 1.0
210-240 21 2.3
240-270 14 1.5
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Figure 3.11 Histogram'of wind speed reveals that the wind
varied from 0-20 m/s with a mean of about 7 m/s.
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the wind during this period car be characterized as being from
the north at €-8§ m/sec. A three dimensional display of wina
speed versus wind direction clearly demonstrates this in

Figure 3.12.

TABLE 3. STATISTICAL DATA FOR WIND SPEED, TEMPERATURE, AND

ICE SPEED. CALCULATED FROM HOURLY AVERAGED DATA.

VARIABLE WIND SPEED | TEMPERATURE | ICE SPEED
(m/s) (°C) (cm/s)
SAMPLE SIZE 913 913 913
MEDIAN 7.0 -22.3 12.5
MEAN 7.0 -22.3 14.2
STA;bARD DEVIATION 3.4 5.0 10.5
MAXIMUM 20.1 -7.7 81.3
MINIMUM 0.0 -31.9 0.1

Figure 3.13 is the hourly-averaged time series of wind
speed from 11 October to 18 November. Significant events
include the strong winds (20 m/sec) associated with the
passage of a synoptic low on days 285-286 (Hamilton, 1991),
the period of relatively light winds from Julian day 308 to
312, and the periodic fluctuation of the winds on days 312 to

320. An autocorrelation of wind speed, Figure 3.14, revealed
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Figure 3.12 Three dimensional histogram of wind speed and

wind direction reveals that the wind was generally

from the north at 6-8 m/s.
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Figure 3.13 Time series of hourly-averaged wind speed that
was recorded from 11 October to 18 November 1988
(Julian day 285-323) onboard the Polarbjoern.
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Figure 3.14 Autocorrelation of wind speed reveals no significant
periodicities with lags of up to 72 hours.
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nc statistically significant periodicities in the first 24
liours. The correlation coefficient gradually declines for the
first 72 hours with an e-folding time of about 17 hours.
2. Temperature Data
The temperature varied from a high of -7.7¢C on Julian day
286 to a low of -32°C on day 310. Table 3 gives the relevart
statistical information. While the temperature median was
-22.3°C, Figure 3.15, a temperature histocgram with one degree
bins, reveals that there was no predominant temperature, bu:
rather a broad range c¢f values centered &about the mean.
Figure 3.16 displays the temperature time series during this
period. An overall cooling trend is observed from day 287 to
307, which is followed by a period of rapid warming from day
311 to 313 when a shift to soutlerly winds occurred. With the
return of northerly winds on Julian day 313, the cooling trend
resumed and continued to dominate the remainder of the record.
Superimposed on these long term trends are 1-2 day
fluctuations in temperature that may exceed 10°C peak-to-peak.
An autocorrelation of the temperature, Figure 3.17,
revealed no periodicities. However, the autocorrelation does
support the strength of persistence beyond 48 hours and

establishes an e-folding lag time of about 60 hours.

39




FREQUENCY (HOURLY REPORTS)

PY T e S SO T — .

60 — -

40 [—-

20 |-

TEMPERATURE (O)

Figure 3.15 Frequency histogram of temperature (°C) reveals a
broad range of temperatures from -8°C to -32°C.
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Figure 3.16 Time series of hourly-averaged temperatures (°C)
that were measured cnboard the Polarbjoern from 11
October to 18 November 1988 (Julian days 285-323).
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Figure 3.17 An autocorrelation of temperature (°C) revealed no
periodicities and a temporal coherency of 60 hours.

42




C. ICE MOTION ANALYSIS

Previous studies have highlighted the strong relationship
between ice flow speed and ambient noise (Lewis and Denner,
1988a) . Therefore, substantial effort was devoted to
examining the drift speed statistics and their relationship to
ambient noise. The time series of ice speed is plotted in
Figure 3.18a and is partitioned into its U (east) and V
(north) components (Figures 3.18b and 3.18c). The ice speed
varied from 0 to 81 cm/sec, with a mean c¢f 14.2 cm/s and =&
standard deviation of 10.5 cm/sec. Two basic scales ¢of moticn
are evident, a low frequency trend that changes on the order
of days to weeks, and a higher frequency oscillation that
varies every 12 hours. The low frequency trend acts as a
background variation on which the high frequency oscillations
are superimposed. This low freguency trend varies from about
0-20 cm/s while the high frequency oscillations range from 10-
40 cm/s. The most noticeable features of Figure 3.18a are the
extremely high ice speeds (81 cm/s) recorded on Julian day
287, the lack of ice motion on days 308-309, and the bi-modal
nature of the ice speed peaks which are most apparent during
the last ten days of the record. Figure 3.19 shows the
overall distribution of ice speed and Table 2 the relevant
statistics.

During Julian days 285-323, the mean direction of ice

motion was predominantly to the southwest. There were,
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November (Julian days 285-323).
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however, four short periods when the mean direction of motion
shifted and was tc either the southeast or northwest. Figure
1.1, the track of the Polarbjoern, shows these movements.
Segments a and d cover periods when the ship and ice floe
moved to the southeast, sections b and ¢ represent periods
when the ship moved to the northwest.

Figure 3.20 reveals the ice motion on an hourly basis
during Julian days 300 and 301. The speed barbs show the
hourly speed and direction o¢of the ice. Note the smcoth 12
hour periodicity displayed by the clockwise rotation in ice
direction. The ice direction steadily rotates from scuthwarc
headings to northward headings over a 10 hour periocd and then
quickly snaps around the remaining 180 degrees in the span of
1-2 hours. During this two day period, the ice speed varied
from a few cm/s to 30-35 cm/s on a 12 hour cycle. The maximum
ice speed was recorded when the ice direction was southwards
and the minimum speed when the ice moved northwards. Thus, as
the ice direction rotated clockwise from south to north, its
speed decreased.

The autocorrelation of ice speed, Figure 3.21,
demonstrates a strong 12 hour inertial/tidal influence.
Determining whether this was inertial, tidal or a combination
of the two proved to be impossible given +the lack of current
measurements. Previous Arctic studies were of little help in
determining the nature of the oscillations on the continental

shelf because the vast majority of these studies had been
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Autocorrelation of ice speed demonstrates a strong
12-hour tidal/inertial influence.
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conducted in the deep waters of the central Arctic basin where
tidal oscillations are negligible (Thorndike, 1986).
Tidal influences away from the central Arctic basin, i.e.,

cirth

~

t

@

continental shelves, are ¢f much greater amplitude thazar
in the central Arctic (Thorndike, 198¢6). Kowalik &and

Untersteiner (1978) determined that tidal influences may be arn

m

ocrder of magnitude larger on the shelf than they are in the

s

central basin. These tides are generally semi-diurnal rathe

B

0

than diuvrnal with semi-diurnal amplituces ¢f 2C cm and diu

[oU)

amplitudes c¢f only 2-3 cm (Schwiderski, 198¢6). The lunar
semi~diurnal (M;) component has & period cf 12.47 hours ana s
reinforced by the solar semi-diurnal (S;) component which has
a period of 12 hours (Neuman and Pierson, 13966).

Inertial motions in the region northeast of Svalbard vary
from 12.06 hours at 83°N to 12.15 hours at 81°N. Thorndcike
(1986) determined that inertial amplitudes of 20 cm/s are
possible in the Arctic. Thus, given the extremely similar
amplitudes and periodicities of both the tidal and inertial
oscillations, a conclusive determination of the nature of the
oscillations may not be possible. Without additional current
and ice speed measurements a final classification would be
premature.

The cross-correlations of the U and V components of ice
velocity, Figure 3.22, show the characteristic 3 hour lag in
peak correlation described by Thorndike (1986) that

characterizes a 12-hour clockwise oscillation. When a piece
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of ice undergoing a tidal/inertial oscillation (period ~12
hours) moves in the positive U-direction, three hours later it
will be moving in the negative V-direction. This relationship
is what dictates the initial negative correlation peak with a
lag of 3 hours. The negative and positive correlation peaks
have initial 1lags of 3 hours and ¢ hours, respectively.
Subsequent positive/negative correlation peaks follow every 12

hours.
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Figure 3.22 Cross-correlations of U & V components of ice spged
demonstrate the characteristic 3-hour lgg of.max1mum
correlation for a 1l2-hour clockwise oscillation.
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IV. CROSS-CORRELATIONS
This chapter will discuss the relationships between the
various forcing functions (wind, ice motion, and air
temperature) and ambient noise over the entire length of the
record. Chapter V will examine the relationships for specific

events or periods of time.

A. ICE MOTION FORCING FUNCTIONS

The primary drivinag forces for ice motion are the wind
stress, the water stress, the coriolis force, the ocean
dynamic height, and the internal ice stress (Hibler and
Tucker, 1979). In free drift conditions, however, a close
approximation of ice motion may be established by using only
the two largest driving forces, the wind speed and the ocean
current. For day to day ice motions, approximately 70 percent
of the variance can be attributed to the winds (Thorndike and
Colony, 1982). As the ice moves Ircm the waters of the deep
Arctic onto the continental shelf, tidal forces become
increasingly important while inertial forces decrease 1in
magnitude (Thorndike, 1986) . When long term drift
calculations are performed, the short term effects of the wind
become less important while the ocean currents and coriolis
force increase in importance (Hibler,1981). For these longer

observations, approximately fifty percent of the ice motion
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can be attributed to the wind while the other fifty percert
must be derived from the ocean currents (Thorndike and Colony,
1982).

The two primary forces operating on the ice pack north of
Svalbard, as revealed by ice motion analysis, are the wind
stress and the tidal/inertial oscillations. Ocean current
data, if it had been available, may have resoclved the nature
of the oscillations and revealed the relationship between the
ocean currents and the ice motion in this regiocn. One way tc
determine whether the oscillations were either tidally cr
inertially forced, without the benefit of current data, 1s tc
establish their periodicity. A regular period of oscillations
that are in phase throughout the record might indicate a tidal
origin because a tidal period remains essentially constant
within a particular region. An inertial oscillation, while
maintaining the same period at a particular latitude, 1is
dependent on changes in wind and currents and tends to display
a different phase for different forcing events and may
disappear altogether if the forcing is removed. Thus inertial
oscillations usually display a more irregular ©phase
relationship between different portions of the record than a
tidal oscillation.

As shown in Figure 4.1, the oscillations prior to day 297,
particularly days 290-295, are fairly irregular in nature and
are most likely inertial. The oscillations, after Julian day

297 when the Polarbjoern drifted onto the shelf (depth < 1000
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Figure 4.1 Hourly-averaged time series of ice speed (cm/s) from

11 October to 18 November 1988 (Julian days 285-323)
The 12-hour oscillations vary throughout the record.
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m), were extremely regular and might have indicated arn
increasing tidal influence were it not for the lack of
oscillations during Julian days 308-310 when the ice drift
speed was near zero. I1f tidal oscillations were present, then
one would have expected to see them during this stationary
pericd. Withcut additional investigation, the exact nature of
the oscillations, be they tidal or inertial, can not be
established. For the purpcses of this study, an esxact

determination cf the type of ¢oscillation is noct necessary and

bt

a simple classification ¢f tidal/inertial will be sufficient.

As stated previously, the two primary forces acting on the
ice are the wind stress and the tidal/inertial oscillations.
The effects of these two forces can be most readily observed
during an ll-day period in early November. Figures 4.2a and
4.2b present a time series of wind speed and ice speed during
this period. The wind speed maxima that are observed on days
312, 314, and 317 can be directly correlated to the ice speed
maxima that are present six hours later on the same day.
Close analysis of Figures 4.2a and 4.2b reveals that each wind
speed peak is associated with a bi-modal ice speed peak. This
bi-modal nature 1in ice speed can be attributed to the
influence of the tidal/inertial oscillations which are
superimposed over the effects of the wind. When the
oscillations are in phase with the wind direction, they serve
to increase the wind-generatea ice speed maxima; conversely

when they are out of phase, i.e., oppose the wind direction,
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Figure 4.2 Hourly-averaged time series of wind speed and ice speed
for Julian days 307-318. Note the bi-modal nature of
the ice speed peaks and the six hour lag between wind

speed and ice speed maxima.
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B. WIND and ICE MOTION

1. Wind Speed and Ice Speed
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rcss-correlazion between wind speed an
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was conductea on the 38-day reccrd in order tTc verify the
ctronu  raelatlionghllp Dpetwee the wind anad i1ce <tThazt wa:s
discuss=d abcve and toe determine how thes: ceorrelaticons
ccmpare witl. historical results. Figure 4.3 presents the
Crcss-Corre.atlion between these two parameters. The direct
correlati-n Dbetween wind cspeed and ice speec reveals a

il
4y

correraticn coefficient ¢f 0.¢€2. Thus, a large porticn of the

t

variance of the ice speed, over the length of this analysis,
can be accounted for by the wind speed. As the lag increased,
the correlation steadily decreasea out to the e-folding time
of 24 hours. While the tempcral coherence 1is relatively
short, it is similar to the temporal scales cbtained by Lewis
and Denner (1987b) and Poffenberger, Bourke, and Wilson
(1988). Lewis and Denner observed e-folding time scales of
about 10-30 hours for the frequencies of 10, 32, and 1000 Hz
that were based on measurements collected from 1975-1876 in
the Beaufort Sea as part of the project AIDJEX. Poffenberger

et al. computed e-folding time scales of 1.0 to 2.5 days from

57




Cross-Correlation Coefficient

-1

Figure 4.3

Ji

Fﬂuﬁﬂr‘ 

Lag

ice speed records.

58

(hours)

Cross-correlations between the 38-day wind speed and




Arctic armbient nclse bucy measurements (10-31%5 Hz) ccllecrted

3

in the Eurasian Basin during 19851-1G64.

The high ccrrelaticr. between wind speed and ice speed is
not just a stetistica: phenomena, but a proven relationship
beased ¢on physics. It is a known fact that increases in the
wind speed result in similar, but smaller, increases in the
ice speed. This relationship was confirmed by early free-
drift models based on the physics of the momentum balance.
Zubov’s rule (1943) states that ice drifte approximately 28
degrees Tco the right ¢f the suriace wind at 2 percent of the
surface wind speed.

Wren the recults of the Barents Sea wind speed/ice speed
cross-correlations are compared with more recent statistical
studies, the data compare quite favorably. Thorndike and
Cclony (1982) reported a high correlation from drifting buoys
in the central Arctic basin (r = 0.8-0.9), with over 70
percent of the variance in the ice speed accounted for by the
wind speed. The lower correlation from the Barents Sea data
may reflect that the ice was not in free drift, as the buocys
in the central Arctic basin were. The increase in internal
ice stress, manifested by the increased ridging observed in
this area (Figure 3.8), reduces the ability of the ice to

freely respond to the variable wind forcing.




2. Wind Direction and Ice Direction
The mean direction of ice motion from Julian day 2¢:
to 323 was predominantly to the southwest. There were,
however, four short periods when the mean ice direction
changed to either the southeast or northwest. These periods
of anomalous ice motion correlate almost perfectly with shifts
in the wind direction and are described below.

The path of the Polarbjoern from day 285 to 323 can be
segmented into seven major sections that are labeled a-g i-
Figure 1.1. This drift path was derived from daily
interpolated data which averaged out the 12-hour
tidal/inertial oscillations and hence represents predominantily
a wind-forced drift. Sections a and e cover periods when the
ship and ice floe moved to the southeast, sections ¢ and f
represent periods when the ship moved to the northwest, and
sections b, d, and g denote movement to the southwest.

Figure 4.4 shows the hourly-averaged wind and ice velocity
time series for Julian days 285 to 323. Wind and ice
directions are revealed by the barbs at the top of the plct,
while the wind and ice speeds are plotted below the barks.
Since the ice motion was derived from hourly interpolated
data, the 12 hour tidal/inertial oscillations that were
averaged out in Figure 1.1 become apparent. While the
oscillations can be discerned throughout the time series, they

are most readily apparent during Julian days 299 to 305.
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Another factor that 1s readily observable is the strora
relationship between wind and ice speed. The mazimum wind
speed was recorded during the late evening hours on Juliar. dey
286 while the maximum ice speed occurred 12 hours later on dzy
287. Conversely, periods of weak winds, Julian days 2(¢&-

311, can be correlated with periods of slow 1ice speecC.

gl

Similar wind speed/ice speed relations occur throughout the
record.

The strong correlaticn between the wind and ice mcticrh
extends to their respective directions c¢f movement as we>l.
During periods of ice motion to the northwest (sections ¢ &and
), southeasterly winds are evident during the hcurs
immediately preceding the shift in ice motion. Similarly,
scutheasterly ice motion (sections a and e) and southwesterly
ice motion (sections b, d, and g) are preceded by appropriate
shifts in the wind direction. Thus on a daily or longer time
frame, the ice movement 1is heavily dependent on the winc
direction.

Figure 4.5 reveals the strong tidallinertial oscillations
of the ice when subjected to the steady forcing of northerly
winds during days 300 to 302. These type of oscillations
occurred at various times throughout the record irrespective
of the mean direction of ice motion. While the ice motion
displayed a strong clockwise rotation due to tidal/inertial
forcing, the southerly components were larger than the

northerly motions and resultea in a net southerly motion.
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During other porticns cof the record (Figure 4.6), <ti.c
northerly oscillations were sufficient to reduce the southeriy
sveed of the ice drift but were not strong encugh tce reverse

W

the ice flow direction. This may be observed during Juli
day 299. The ice direction rotates from the south to the
southwest as the ice speed decreases from 3% cm/s to 5 cm/s.
Note the increase in rotaticn in subsequent oscillaticns frco

day 299 to 30C1.

C. WIND SPEED and AMBIENT NOISE

Buck and Green (12%7&) correlated chances 1in large-sczale
atmospheric pressure gradients with ambient ncise levels ir
the Beaufort Sea and obtained a correlation of about C.<C.
Thus the close relationship between large-scale wind forcing
and ambient noise has been known for many years. However,
when only the local wind speed 1s cons.dered, the cross-
correlation between wind speed and ambient noise is
significantly reducecd. This reduction in correlation comes
about because the ambient noise is dependent upon distant
sources of wind-generated noise as well as local sources
(Colony and Thorndike, 1980; Serreze, 1989).

The result of the cross-correlations between wind speed
and ambient noise in the Barents Sea, which are based only on
the local winds, are presented in Figure 4.7. All three

frequencies display a complex shape with three peaks of
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4.7 Cross-correlations between wind speed and ambient

noise for frequencies of 10, 31.5, and 100 Hz.
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decreasing magnitude. At 10 Hz the direct correlation betweer.
wind speed and ambient ncise shows a relatively mcdest
correlation coefficient of (.38, The other two peaks are
found at lags of 54 and 108 hours with coefficients of (.25
and 0.1, respectively. The intervenincg minima are at 24
hours, where the correlation coefficient dips to 0.1, and at
84 hours and 120 hours where the correlations are zero. At
31.5 Hz, the coefficient plot 1is similarly shaped with &

direct cross-correlaticn coefficient c¢f (.43 and secondary

(&)
(@]

maxima of 0.15 and G.1. The correlaticn coefficients at 1
Hz are less than those found at the lower frequencies with a
direct cross-correlation coefficient of (0.34. The temporal
coherency (e-folding time) for all three frequencies is about
15 hours.

While the autccorrelation of wind speed (Figure 3.14)
revealed no periodicity, the increased cross-correlations
displayed between the wind speed and ambient noise with lags
of 54 and 108 hours may represent distant sources of wind-
generated ambient noise. The propagation of low frequency
ambient noise due to the periodic passage of synoptic scale

cyclones can not be discounted.

D. ICE SPEED and AMBIENT NOISE
Previous ambient noise studies by Buck (1966), Lewis and
Denner (1987a), and Higgirs (1990) have revealed a close

relationship between ice motion and low frequency ambient
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noise. The Barents Sea data analyzed in this study alsc
demonstrated a strong association, with ice speed accountinc
for a large portion of the ambient noise variability. Figure
4.8 displays the cross-correlations between hourly-averaged
ice speed and the 10, 31.5, and 100 Hz ambient noise time
series for the 38-day record. The maximum correlation between
ice speed and ambient noise occurred with a lag of six hours.
At 10 Hz the maximum correlation coefficient was 0.4 with
subsequent correlation maxima occurring at 12 hour intervals
until well beyona the e-folding time of 21 hours. The cross-
correlations for 31.5 and 100 Hz are similar to the 10 H=z
correlation described above. They retain the sans
periodicity, while the overall magnitude of the correlation
coefficients decrease with increasing frequency. The six hour
lag time and the 12 hour correlation peaks will be discussecd
in greater detail in subsequent paragraphs.

As previously stated, ice speed is primarily controlled by
two factors in the waters northeast of Svalbard, wind speea
and tidal/inertial oscillations. Thus, these two influences
will be key factors in the correlation between ice speed and
ambient noise. When the wind stress is increased, the ice
speed will increase resulting in a higher ambient noise level
and a positive cross-correlation between the two. When the
12-hour tidal/inertial oscillations are introduced, they serve
to either increase the ice speed, when they are in phase with

the mean direction of motion, or decrease the ice speed, when
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they oppose the mean direction of ice movement. This
cscillatory fluctuation in the net ice drift motion results i~
a complimentary oscillatory fluctuation in ambient ncise.
The basic premise being put forth is that when the 12 hcur
tidal/inertial oscillation of the 1ice opposes the mean
direction of ice movement, the ambient noise level increases.
Initially, when an oscillation is in phase with the mean
direction of motion, the ice speed increases. This increasec
ice speed in turn results 1in greater divergence c¢f the ics
field and a slight increase in the ambient ncise level.
maximum noise level, hcowever, occurs 6 hours iater when the
tidal/inertial oscillation opposes the mean direction of ice
movement . When the net ice speed 1is reduced, increasec
convergence of the ice field results and the ncise level
increases markedly above the mean noise level. As explained
above, this unexpected correlation is most likely the result
of increased convergent forcing. When an ice floe oscillates
such that its northward motion opposes the mean southward
motion of the 1ice pack, greater convergent forces are
generated in the ice pack, increased fracturing and ridging of
the ice occurs and greater ambient noise levels are observed.
Figure 4.9, time series for Julian days 307-318, can be
used to demonstrate the relationship between ice speed and
ambient noise. Peaks in ambient noise occur during the
relative minima of the ice speed peaks. These relative minima

lie between the bi-modal ice speed peaks and mark the
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rortherly phase of the tidal/inertial oscillation. These

arkie

3

1T noise maxi

n

',)
=

a occur six hours after the first peak of

.

ali

[

ce speed marximum and vaiidate the six hour lag founc in

the ice speed/ambient noise cross-correlation.

E. TEMPERATURE and AMBIENT NOISE

The cross-correlation between temperature and ambiern:
noise (Figure 4.1(C) 1s quite different from the previcus
correlations performed with the wind and ice speed. The

coefficient gradue.ly decreases as the lag is increasec and

ot
ok
a

does not display any strong periodicity. Additionally,
correlation between temperature and ambient noise decr-ascs

with increasing frequency. The maximum correlation is founc

o3l
t

10 Hz where the coefficient gradually decreases from a high

cf 0.38 at 3 hours, to a low of 0.15 at the e-folding time

H

(120 hours). Three relatively minor peaks possess lags of 3¢,
72, and 108 hours. The correlation is still relatively high
at 31.5 Hz where a coefficient maximum cf 0.27 is also found
at the 3 hour lag point. The correlation between temperature
and ambient noise is virtually zero at 100 Hz. This may
indicate that the forcing at 100 Hz is significantly different
from that found at 10 or 31.5 Hz. The relatively weak
correlation between the air temperature and ambient noise may
be an indication that the relation between the two may be

associative and not causative, i.e., the correlation between .

the temperature and the ambient noise may be associated with
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Note that the correlation is negligible at 100 Hz.
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warm southerly winds and the increased convergence that they
entail. This association will be discussed in greater detail
in Chapter V. Additicnal manipulation of the tempercture
record beyond that performed during this study might ke
beneficial. If the temperature record had been detrended, it
may have eliminated any masking ct high freguerncy

periodicities.

F. FREQUENCY COMPARISONS

Cross-correlations were performed between the hour_.y
averaged 10 Hz, 31.5 Hz, and 100 Hz ambilent ncise time series
in order to determine whether the same forces were at wWCrk cr.
each frequency. All displayed strong cross-correlations witr

correlation coefficients greater than 0.5 and exhibited

—

Do

n
O

form of a tidal/inertial influence. As cne might expec:t
adjacent octave bands (10 and 31.5 Hz; 31.5 and 100 Hz)
displayed higher correlations than more distant bands (10 anc
100 Hz).

The direct cross-correlation between 10 and 31.5 Ez,
Figure 4.1la, proved to be the greatest with a correlaticn
coefficient of 0.84. The lagged correlation displayed a
strong tidal/inertial influence with correlation peaks at 12
hour intervals out to 60 hours. The e-folding time was about
14 hours.

The cross~correlation between 31.5 and 100 Hz, Figure

4.11b, also displayed a strong correlation (0.81) with a
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secondary peak at 10 hours. No other significant peaks are

present at longer lag times. The cross-correlation betweern

[T
[

and 100 Hz (Figure 4.11c) is similar in shape tc the 1(¢ anz
31.5 Hz cross-correlation with a direct correlation of only
0.6. The e-fclding time was only 4 hours indiceting & ragpic
decoupling ¢of the two fregquencies.

The cross-correlation between 10 Hz and 100 Hz is similar

to previous measurements in the region. Pcffenburger, Bourke,

\O

~nd Wilscn (1989, in an analvsis cf drifuinc  ruzy

ol

T L0 .l

measurements in the Eurasian Basin, repcrteq crcss—-correlatic

ccefficients c¢f 0.€3 in the summer and (.78 1in the winter f:o:
freguencies of 10 and 100 Hz.

Hence, it is only the lower two frequencies which exhirt:

(t

4.

a strong forcing Dby tidal/inertial oscillations arna

temperature related phenomena. While 100 Hz still display

144}

some tidal/inertial forcing (Figure 3.9), its effect is much
diminished. Some other forcing, not revealed 1in this

analysis, provides the principle forcing at 100 Hz.




V. EVENT ANALYSIS

[
V1]

Statistical anzlysis of amblient noise over a re

tively

r

lon n

pericd, such as the 38-day record of this study, cC nly

19
o
O

reveal a limited amount c¢f information. Long term averagiry
) o z

may in fact confuse matters by blurring the effects ¢f variccu

n

fcrcing parameters. If, however, the varicus trends carn L=<
successfully i1dentified and serarated, thern addlizicrz.
informacion concerning the 1influence <¢f these forces o
ambient noise can be ascertained. This chapter will attemzs

to separate the statistical record in various ways in order tc:

m

more clearly delineate the driving forces for ambient nois

A. MOTION vs AMBIENT NOISE
The entire 38-day, 10 to 100 Hz, ambient noise record was

divided into two c¢lasses, those reports that were acguire

[0}

while the ice was moving northwards and those acguired while
the ice drifted southwards. The hourly observations that
displayed northerly motion included both northerly
inertial/tidal oscillations which during periods of mear
southerly motion, as well as the more abundant observations
obtained during periods of mean northerly motion. Table 4
gives the statistical results for the three frequencies and

Figure 5.1 is a spectral plot of the ambient noise levels
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Figure 5.1 Spectral plot comparing the ambient noise levels

recorded during northerly and southerly ice motion.

78




recorded under norther.y and southerly flow cenditions. No-
that when the ice motion was te the north, the ambilent roisc

~v2S consistently higher. Northerly motion resulted in ncice

-

”

levels 4 dB noisier than southerly motion at 10 Hz &anc

decreased tc a 1 dB difference at 100 Hz.

TABLE 4. ICE MOTICK vs AMBIENT NOISE
FREQUENCY 10 10 31.5 | 31.5 | 100 | 100 |
DIRECTION NORTH | SOUTH | NORTH | SOUTH | NORTH | SOUTH !
|
SAMPLE SIZE 245 : 243 T 245 6ce
MEAN 9:.8 $.3 | §7.0 | 4.4 |78.5 77.¢
MEDIAN 166.¢ | $¢.8 | €6.7 | 82.4 |77.5 76.7 |
|
STANDARD 10.1 11,1 | 6.4 7.0 5.4 s |
DEVIATION
MAX IMUM 118.5 | 124.1 | 106.9 |115.8 |114.6 | 106.6
|
MINIMUM 66.3 | 64.3 | 64.8 | 64.4 |63.9 63. %

There are twe possible explanations for the difference in
these ambient noise levels. The first possible explanatiocon is
that the increased ambient noise for northerly ice motion may
be a result of the increased convergence associated with
northerly tidallinertial oscillations. This explanation 1is

supported by the fact that throughout the noise record
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increases 1in ambient noise were directly correlated to

[t
D

ncrtherly oscillations 1n ice motion. The second and mc
influential factor in increased ambient noise (since more than
2/3 of the northerly observations were obtained during pericas
of mean northerly ice motion) is the increased convergence
that occurs when local forcing drives individual ice floes

northwards against the large unyielding ice pack. Tl

n

convergence would also result in an increase in the ambierc
ncise. Thus, when the local ice motion is southward, i.e., i-n

rhase with the large scale divergence, ambient ncise level

n

decrease. When the local ice meoction opposes the large sc

]

ol

motion (whether it 1s due to 1local wind forcing cr

V-

n

tidal/inertial oscillations) the ambient noise leve
increase. This reiationship between convergence and increased
ambient noise will be explored further in the paragraphs
below.

Figures 5.2a and 5.2b display contrasting directions c¢f
mean ice motion during two different periods cof the ambient
noise record. Julian days 291 and 294 represent an early
portion of the drift south while the Polarbjoern was still
several hundred kilometers north of the Svalbard Archipelago.
Julian day 291 displayed a mean northerly drift while day 294
displayed a mean southerly drift. Figure 5.2a reveals an
almost uniform 12-13 dB increase in ambient noise during the
pericd of mean northerly motion. It is postulated that the

shift in ice direction is a purely regional phenomena that is
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Figure 5.2 Spectral plots comparing ambient noise levels for
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northerly and southerly motion during two different
periods of the record.
contrasting motion in deep water while the second
plot displays spectra in the vicinity of active
ridging north of the island of Kvitoya.

The top plot displays




limited in its extent by local wind forcing. Thus, the lccal
ncrtherly ice moticn opposes the large scale socuthward motic:n
cf the ice pack resulting in increased ccnvergence, ridging,
and ambient noise.

The second period of contrasting ice motion was on Julian
days 314 and 317 (Figure 5.2b). The ambient ncise
measurements collected during this period were 1in the

immediate vicinity of active ridging north c¢cf the island of

t

Kvitoya. The mean direction cof 1ce motion was tc the nor
during day 314 and to the south on day 317. Southerly ice
motion during this portion of the study was associated with.
ambient noise levels that were 4-7 dB higher than during
northerly motion. The difference in ambient noise levels for
the contrasting directions of motion are most 1likely the
result of the relative magnitudes of convergence. While some
convergence would occur with northward 1ice motion, as
explained in the previous example, greater levels c¢f
ridging/convergence were experienced with motion to the south
against the unyielding island of Kvitoya. While the northerly
ambient noise level is lower than the southerly level, it is
still quite loud. It is only about 3-4 dB less than the
levels of ambient noise measured during northerly motion in
deep water (Julian day 291).

The two periods discussed above, Julian days 290/294 and
314/317, represent two different periods of convergence that

resulted in increases in ambient noise. The first period of
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convergence was generated by a mean northerly ice motion that
cpposed the macro-scale drift to the south. The second perica
representecd increased convergence as the ice encountered the

unyielding isiands tc the south.

B. AMBIENT NOISE vs. WIND SPEED

{2

Another means of verifyirng the correlaticn between wir
speed and ambient noise previously shown in Chapter IV is t:
divide the ambient noise record into wind speed groups. Tie
overail wind speed reccrc varied from 0-20 m/sec. The datsz
record was then sorted into five bins of 4 m/sec each. Ficure
5.3 shows the related frequency spectrum for these five wind
speed classes. As expected, the ambient noise level increasea
with increasing wind speed. A critical wind speed at 31.5 anda
100 Hz occurs at wind speeds greater than 12 m/s. Once this
threshold 1s reached, the ambient noise spectrum becomes
largely 1insensitive to further increases in wind speed. P2y
possible explanation for this saturation level is that ornce
the wind has reached 12 m/s, all of the relatively thin and
young ice has been fractured and ridged. Further increases in
the wind speed only serve to cause micro-fracturing in the ice
(as opposed to large scale fracturing/ridge building) which
results in only a limited increase in ambient noise with wind
speed. A similar feature 1is observed in ambient noise/wind
speed plots in the Barrow channel (Milne and Ganton, 1971).

It must be noted that a relatively small number of samples,
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Figure 5.3 Spectral plots comparing the ambient noise at

different wind speeds from 0 to 20 m/s.

84




14, were contained in the 16-20 m/s class and the assumptic:
is that these values are representative of the class as &

whole.

C. WARMING vs. COOLING TRENDS

A cooling trend present during Julian days 305-307 was
compared to a warming trend from days 311-313 over the
frequency range 10-100 Hz (Figure 5.4). The ambient ncicse
levels during the warming period were 2-7 dB higher with the
lower frequencies experiencing the largest increase. Cre
possible explanation for the increased ambient noise fcund
during the warming trend i1s that warmer temperatures decrease
both the tensile and compressional strength of ice making it
easier to fracture (Weeks and Mellor, 1984).

Another, more likely explanation for the increased ambient
noise observed during a warming trend is that the increased
noise may be only indirectly related to the temperature.
Warming trends in the Arctic are generally associated with
southerly winds while cooling trends are often synonymous with
northerly winds. This asscciation holds true for this
experiment. During the period of cooling, days 305-307, the
winds were from the north and during the warming trend of days
311-313, the winds were from the south (Figure 5.5). The
critical factor in the warming trend may actually be the
southerly winds and their associated convergence. As

discussed previously, southerly winds have been correlated
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with northerly ice motion and increased levels of ambient

noise.

D. ANALYSIS OF SHALLOW WATER RIDGING ENVIRONMENT
1. Time Series Analysis

During the last week of data collection, the median
ambient noise measurements were significantly higher than
during the rest of the record. This 1is most 1likely
attributable to the increased ridging activity brought ab:zu
by close proximity to land. As mentioned previously, ridging
activity was extremely high after Julian day 317 and forced
the repeated reconnection of the hydrophone cables and their
eventual removal from the ice on day 324.

The water depth steadily decreased from 175 m to 90 m
during this period. Figure 5.6 shows the wind speed, ice
speed, and temperature time series for Julian days 317-323.
Northerly winds were present throughout this period with wind
speeds varying from 4 to 15 m/s. The temperature ranged from
-14°C at the start of the period to a low of -29°C on day 322.
Temperatures increased by 7°C when the local pressure gradient
decreased, resulting in weaker northerly winds that displayed
a slight westerly component on days 318, 320, and 321. The
ice speed displayed a strong 12-hour oscillation with ice
speed maxima on days 317 and 319 correlating well with wind

speed peaks on these same days.
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During the last week of ambient noise measurements, the

median noise level decreased smoothly from 101 dB at 10 Hz tc

73 dB at 1000 Hz (Figure 5.7). Figure 5.8 presents the

ambient noise time series for 10, 31.5, 100, 315,

1000 Hz. Table 5 presents the statistical information for the

six frequencies.

TABLE 5. AMBIENT NOISE STATISTICS FOR JULIAN DAYS 317-324
10 Hz 31.5 Hz 100 Hz 315 Hz 630 Hz | 1000 Hz .
SAMPLE
SIZE 102 155 155 155 155 17+
MEAN 96.5 87.1 80.4 76.8 74.7 7z.4
MEDIAN 100.8 88.2 80.6 75.8 73.7 73.0
STD DEV 14.6 9.3 7.1 6.0 5.6 4.9
MAXIMUM 118.6 106.0 101.3 91.8 88.2 8¢. 9
MINIMUM 64.3 64.4 63.9 64.7 64.1 64.¢

Twelve hour inertial oscillations are distinct at 10 and
31.5 Hz and are discernable at 100 Hz. The oscillations are
most likely inertial since the established period on day 317
does not match the 12 hour period on days 321-323. If these
oscillations were tidal, then the period would remain constant

throughout the record. the

As the frequency increases,
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Figure 5.8

Hourly-averaged ambient noise time series for
frequencies of 10, 31.5, 100, 315, 630, and 1000 Hz
in a region of active ridging (Julian days 317-324).

92



inertial influence appears to decline. A high freguency
oscillation is superimposed on the smooth inertizal
oscillations at 31.5 Hz while an inertial influence can be
observed in the high frequency fluctuations at 100 Hz. The
high frequency, 315-1000 Hz, time series are extremely similar
and resemble the 100 Hz time series. While the shape of each
of the time series are virtually identical, their overall mezn
and standard deviation decrease with increasing amplitude.
In summary, the active ridging environment encounterec
during the 1last week of observations, while displayirnc

significantly higher ambient noise levels than the rest of th

®

record, still displayed many of the same characteristics.
Thus the processes that are responsible for ambient noise
generation in a region of active ridging are similar to thcse
found throughout the noise record.

A similar argument can be made for the noise-generating
mechanisms at work in the higher frequencies (315-1000 Hz).
The ambient noise spectra measured in this range were all
virtually identical, indicating that the same noise generating
mechanisms were at work. While the high frequency spectra
bear a close resemblance to the 100 Hz spectrum, there are
obviously significant differences 1in spectra and noise

generation at 10 and 1000 Hz.
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2. Cross-correlations

Cross-correlations were performed between ambient
noise and wind speed, ice speed, and temperature measurements
collected during Julian days 317-324. These correlations were
performed in order to determine what the correlations were at
the higher frequencies (315, €30, and 1000 Hz) and to contrast
the shallow water, active ridging environment with the rest cf
the record. Cross-correlations involving the 10 Hz ambient
noise measurements ccllected during the last week of the study
(days 317-324) correlate poorly due to gaps in the record on
Julian days 317, 320, and 3Z22. Cross-correlations at 10 Hz
will not be discussed in the text but will be retained in
subsequent cross-correlation figures for comparison purpcses
only.

The c¢ross-correlations between wind speed and ambient
noise, Figure 5.9, display relatively high direct correlations
with cross-correlation coefficients ranging from 0.37 and 0.44
for frequencies 31.5-1000 Hz. All frequencies display a large
secondary maxima with cross-correlation coefficients of 0.20
to 0.30 (2.5 day lag) and an intervening negative maxima with
correlation coefficients of =-0.25 to -0.50 (24 hour 1lagqg).
There 1is no physical explanation for why increasing winds
would cause a decrease in ambient noise 24 hours later, so
this negative correlation is assumed to be related to a

different forcing. No obvious trends are discernable between
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the high and low frequencies and all frequencies seem equally
dependent on wind forcing as a source of ambient r.oise.

Comparicsons between the wind speed and ambient noise
cross-correlations performed on the entire record and the last
week of observations reveal a close similarity (Figure 5.10).
Both digplay the highest correlation with a lag of zerc, a
negative correlation maxima with a lag of 24 hours, and a
secondary maxima with a lac of 2.5 days. The agreatest
difference between the two 1s irn the magnitude c¢f the negative
correlation maxima which for the entire record has a
coefficient of zero (no correlation) while the last week of
observations reveals a strong negative correlation with = 24
hour 1lag. These differences may be attributable to the
different types of forcing involved. The 38-day record
contains many different, often opposing forces, over the
entire record, while the 7-day record is subject to a more
uniform forcing.

The next cross-correlations to be investigated are those
between ice speed and ambient roise and can be viewed in
Figure 5.11. Strong twelve hour inertial/tidal oscillations
are evident at all frequencies in both the 7-day and 38-day
records (Figure 5.12). All of the 7-day correlations (31.5 to
1000 Hz) display their maximum coefficients with a 2 to 4 hour
lag (Figure 5.11). These maximum coefficient values increase
with frequency from 0.35 at 31.5 Hz to 0.49 at 1000 Hz. The

2-4 hour lag revealed in the 7-day record is several hours
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shorter than the lag in maximum correlation found in the 3§-
day record. This difference may be attributable to the
decreased importance of convergence due to tidal/inertia:
oscillations and the increased importance cof Kvitoya-inducec
convergence. In the latter case, the maximum ambient ncise is
generated while the woscillation still has a southerly
component and the ice is undergoing both an oscillatory stress
and southerly convergence. Thus two important facts were
derived from the ice speed/ambient noise correlaticns
described above. The correlation between ice speed and
ambient noise increases at higher frequencies; and the effecxts
of tidallinertial oscillations diminished in regions of active
ridging.

Cross-correlations between 1/3 octave bands are presented
in Figure 5.13. The highest direct correlations are found in
the higher frequency bands where the <cross-correlations
approach 1.0. Even the lowest bands, 10 and 31.5 Hz, show a
high direct cross-correlation coefficient of 0.75. All
correlations display an e-folding time of between 4 and 5
hours with the correlation coefficient decreasing to zero with
a lag of 12 hours. Secondary coefficient maxima are found in
all plots with a lag of 2.5 days.

In comparing the 38-day frequency cross-correlations with
the 7-day cross-correlations (Figure 5.14), several
similarities and differences are noted. The 31.5 and 100 Hz

cross-correlations are extremely similar. The only real
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differences lie in the relative magnitudes ¢of the correlaticr
peaks beyond 18 hours. The 10 Hz/31.5 Hz and 10 Hz/1({ EHz
cross-correlations do not compare quite as favorably, with the
7-day record displaying lower correlations and rne
tidal/inertial periodicities. As discussed previcusly, this
difference is most likely the result of the gaps in the 10 Hz

data record.

E. SHALLOW vs. DEEP WATER AMBIENT NOISE

Figure 5.15 compares the median ambient noise srectrunc
fcr deep water (days 284-2¢1), shallow water (days 317-324),
and the composite spectrum for the entire record (days Z&:t-
323) . The deep water ambient noise spectrum was collected as
the Polarbjoern drifted from the deep waters of the Arctic
Basin (2300 m) until she reached the shallower waters of the
continental rise (900 m) on Julian day 291. The shallow water
spectrum was collected in waters between 90-175 m in depth irn
a region of intense ridging just north of Kvitoya (Figure
1.1).

The similarity between the deep water and composite noise
spectra displayed in Figure 5.15 suggests that depth was not
a controlling factor in this ambient noise study. While there
is a 2 to 5 dB difference in ambient noise levels between the
shallow and composite noise spectra, the difference may not be
depth related. The difference may actually be the result of

the relative proximity of the Polarbjoern to active ridging
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areas. The first 32 days of ambient noise measurements were
collected in a region where the intense ridging immediately
north of the islands served as a distant source while the las<®
week of measurements were recorded in a region of active loczl
ridging. The actual effect of bathymetry on ambient noicse

levels will have to be resolved in future studies.

F. STANDARD DEVIATION COMPARISONS

In previous ambient noise studies conducted in the
vicinity of Rermuda (Perrone, 19€9) and Fiji (Bannister ez
al., 197%), large wvariations 1in standard deviation were
recorded with changes in wind speed (Figure 5.16). In the ice
covered waters northeast of Svalbard, no such variations were
recorded. Figure 5.17 shows the effects of low (0-5 m/s),
medium (5-10 m/s), and high wind speeds (10-20 m/s) on the
standard deviation. The standard deviation displays a strong
decrease with frequency similar to that found in Perrone’s
study (1979), but no wind dependency.

In the open water studies discussed above, the high winds
acted as a broad frequency floor which dominated the ambient
noise spectrum. Individual events and narrow band sources
were effectively masked. As the wind speed decreased, these
highly variable sources became unmasked and greatly increased
the standard deviation. For the Barents Sea data, changes in
wind speed directly effected the ambient noise level but not

the standard deviation. Figure 4.9c, the 10 Hz ambient noise
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time series for Julian days 307-318, displays 10 to 30 d=
fluctuations throughout the period. These fluctuations cear
not be attributed to the 12 hour tidal/inertial oscillations
since 20 dB fluctuations were still recorded when there were
no oscillations (days 308 to 310).

An investigation of the standard deviation during periods
of high ambient noise (days 317-324) and low ambient nocicse
(days 304-312) did reveal a significant variation. Figure
5.18a shows the relative ambient noise levels during these tw:
periods and Figure 5.18b their standard deviations. The
standard deviation during the relatively noisy period of
ridging was 3 to 5.5 dB higher than during the low ambient
noise period. Thus, the fluctuations in the ambient noise
record were not masked by increased noise levels as they were
in Perrone’s study (1969), rather, the overall amplitude of
the fluctuations were increased. That 1is, noisy events in
ice-covered waters are associated with large amplitude
fluctuations indicating such events are not continuous in time
nor space. A finite number of ridging events occur in the
immediate vicinity of the hydrophone each lasting several
minutes (Buck and Wilson, 1986). Unlike the open ocean where
wave breaking and agitation of the sea surface 1is nearly
continuous leading to saturation of the noise field, active

ridging noise is more a series of discrete events.
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Figure 5.16 Variations in ambient noise standard deviations with
increasing wind speed near Bermuda (Perrone, 1969)
and Fiji (Bannister, 1979) (from Bannister, 1979).
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Figure 5.17 Comparison of ambient noise standard deviations in
ice covered waters northeast of Svalbard. No wind
dependency is demonstrated.
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VI. SUMMARY, CONCLUSION, AND RECOMMENDATIONS

A. SUMMARY

Ambient ncise measurements made northwest of Svalbard from
two omni-directional hydrophones, deployed at 60 and 90 m
beneath the 1ice, were acquired as the research vessel
Polarbjoern drifted south from 11 October to 18 November 1988.
The ambient noise data as well as the accompanying
meteorological and ice motion data were collected as part ci

the Coordinated Eastern Arctic Experiment, CEAREX. The

v

ambient noise mezsurements were composed of one and a half
minute samples that were averaged hourly to provide a 38-day
time series of 10, 31.5, and 100 Hz. Higher frequencies were
considered valid only above the median level due to high
system electronic noise. Measurements were obtained in deep
and shallow water (<100 m) as the ship drifted gencsrally
southwestward with the ice pack towards the Svalbard
Archipelago. The ambient noise time series were correlated
with hourly-averaged wind, air temperature, and ice motion
data 1in order to determine the major noise generating
mechanisms. Both visual and numerical comparisons between the
ambient noise and the environmental parameters revealed

significant correlations.
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B. CONCLUSIONS

B The ambient noise levels northeast of Svalbard are
extremely high, 20-30 dB higher than typical central Arctic
basin values, but compare favorably to other dynamically
active regions (MIZ, active ridging).

B The time scales of the noise field varied on two basic
levels. A high frequency oscillation varied on the crder of
8-12 hours; this oscillation was superimposed on a more slowly
varying trend of 2-10 days.

B Ice motion analysis indicated that two primary forces
were operating on the ice pack, wind stress and 12-hour
tidal/inertial oscillations. Due to the proximity c¢f the
tidal and inertial periods, the nature of these twelve hour
oscillations could not be conclusively determined. Initial
indications are that these oscillations are inertial in
origin. Inertial indicators included variations in phase at
different points in the record, no oscillations during periods
of negligible ice motion, and increased oscillation amplitude
with increased ice speed.

B A cross-correlation coefficient of 0.62 was observed for
hourly averaged wind speed and ice speed measurements with a
temporal coherency of about 24 hours. A visual inspection
also revealed that the fastest periods of 1ice motion were
found several hours after periods of peak wind speed.
Similarly, when the winds were calm, the ice speed went to
zero. The strong correlation between wind speed and ice sreed
was similarly observed in the relationship between wind
direction and ice motion. Periods of southerly winds
coincided with periods of mean northerly ice motion while
northerly winds resulted in net southerly ice drift.

B Moderate cross-correlations were established between the
hourly-averaged, 1locally measured, wind speed and ambient
noise. Cross-correlation coefficients of 0.38, 0.43, and 0.34
were obtained for the frequencies of 10, 31.5, and 100 Hz,
respectively. The e-folding time between the wind speed and
the ambient noise was about 16 hours. Additionally, a
critical speed of 12 m/s was observed above which the ambient
noise spectrum became largely insensitive to further increases
in wind speed. Periods of peak wind speed were followed
within hours by increased ambient noise levels.

B Hourly-averaged ice speed and ambient noise levels
displayed cross-correlations that were similar or slightly
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greater than that between wind speed and ice motion. The
cross-correlation coefficients for 10, 31.5, and 100 Hz were
0.4, 0.40, and 0.28, respectively. The e-folding time
decreased from 21 hours at 10 Hz to 12 hours at 100 Hz.

8 In general, the ambient noise level increased with ice
speed. The exception to this rule occurred when the
tidal/inertial oscillations opposed the mean direction of ice
moticn and resulted in a six hour lag in maximum correlation
between ice speed and ambient noise. Ice speed maxima were
bi-modal in nature due to these tidal/inertial oscillations
and the ambient noise maxima were generally coincident with
the relative minima located between these bi-modal ice speed
peaks.

B The cross-correlations between adjacent octave bands,
10/31.5 Hz and 31.5/100 Hz, were extremely strong
(coefficients of 0.84 and 0.81, respectively) while more
distant bands, 10/100 Hz, displayed a lesser correlation
coefficient of 0.60.

B A 7-day ambient noise record was examined while the ship
was in a region immediately north of the island of Kvitoya
where widespread active ridging was observed. Median ambient
noise levels were 2-5 dB higher than during the composite 38-
day record. The ice speed/ambient noise cross-correlations
displayed maximum correlations at lags of 2-4 hours.

B Northerly ice motion was composed of two scales of
motion. It consisted of either short term tidal/inertial
oscillations imbedded in a net southerly drift or longer term,
mean northerly motion that accounted for over two thirds of
the northerly observations. Northerly ice motion observations
displayed ambient noise levels that were up to 10 dB higher
than southerly ice motions. These higher levels were observed
for both oscillatory and mean northerly motion.

B In contrasc to previous mid-latitude observations, the
standard deviations obtained from the 38-day ambient noise
record displayed no wind dependency. Standard deviations
obtained from calm periods were virtually identical to those
from gusty periods. There were, however, large differences in
standard deviation displayed between relatively quiet and
noisy periods. Standard deviations during periods of
relatively loud noise levels were on the average 3 to 5.5 dB
higher.

B Tidal/inertial oscillations resulted 1in 1increased

convergence and higher 1levels of ambient noise when they
opposed the mean direction of motion.
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B In the region northeast of Svalbard, infrequently
occurring southerly wind events resulted in northerly ice
motion that opposed the mean southerly motion of the Arctic
ice pack. During these periods of extended northerly ice
drift, increased convergence and ridging of the ice field
occurred and the ambient noise levels rose accordingly.

B Significant cross-correlations between temperature and
ambient noise (10 to 100 Hz) were probably only indirectly
related to temperature. Warm southerly winds resulted in
increased ambient noise as stated above. Cooling trends were
synonymous with northerly winds which were associated with
divergent conditions and lower ambient noise levels.

B Separate and distinct noise generating mechanisms were
responsible for the significant differences between the low
(10 and 31.5 Hz) and high (100 Hz to 1000 Hz) freguency
ambient noise time series. This is substantiated by the more
than 5 dB difference in standard deviations displayed by the

10 and 100 Hz time series; the lack of correlation between
ailr temperature and ambient noise at 100 Hz while the low
frequencies (10 and 31.5 Hz) demonstrated significant

correlations; and the strong tidal/inertial oscillations
observed in the 10/31.5 Hz cross-correlations that were
missing in the lower correlated 10/100 Hz cross-correlations.

C. RECOMMENDATIONS

B Due to the extremely complex relaticnship between the
various ambient noise generating mechanisms, no definitive
relationship between temperature and ambient noise was
established. Additional investigation into this relationship
using the Barents Sea air temperature/ambient noise record as
well as other Arctic data sets would be beneficial.

B The effects of bathymetry on ambient noise was not
conclusively resolved due to the widespread active ridging
observed in the waters immediately north of the island of
Kvitoya. This ridging complicated the shallow water ambient
noise environment. Were the increased noise levels observed
in this region a function of the active ridging, shallow wae
or a combination o0f the two? Additional ambient noise
measurements in this or other shallow water ice covered
regions that are not dominated by active ridging would help
resolve this issue.

B The collection of detailed ocean current measurements, in
concert with additional ice motion analysis, in the region
northeast of Svalbard would help settle the debate over the
nature of the 12-hour tidal/inertial oscillations found in
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this region. This issue must be resolved if future ambient
noise algorithms and models are to be successful. Ocean
current measurements would also allow a more detailed
determination of the relative influences of the wind, tides,
and currents on ice motion and ambient noise.
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